Edited by Ulf-Ingo Fl€ ugge HMG-CoA reductase (HMGR) is a key enzyme in the mevalonate pathway for sterols and cytosolic isoprenoid production. Although HMGR kinases from spinach, barley, and cauliflower tissues have been strongly suggested as members of SNF1-related protein kinases 1 (SnRK1), the phosphorylation and inactivation of HMGR by plant SnRK1s has not been demonstrated. In this study, we elucidated that AKIN10, an Arabidopsis SnRK1, acts as an HMGR kinase. The recombinant AKIN10 phosphorylates and inactivates AtHMGR1S using recombinant GRIK1 as the AKIN10 activator. In contrast, AKIN10-GRIK1 fails to inactivate AtHMGR1S-S577A, suggesting that this is achieved through Ser577 phosphorylation. Moreover, phosphorylation is detected not only in AtHMGR1S but also in AtHMGR1S-S577A, suggesting the presence of a novel regulatory mechanism of plant HMGR.
Plants produce a wide variety of isoprenoids. 3-Hydroxy-3-methylglutaryl-CoA reductase (HMGR) catalyzes the first committed step of the mevalonate pathway that is involved in the production of common precursors for cytosolic isoprenoids, such as sesquiterpeneoids and triterpenoids, including sterols. The eukaryote HMGR proteins contain a noncatalytic domain (cytosolic N-terminal region and membraneanchor domain) and a cytosolic catalytic domain [1] . Although the catalytic domain is well conserved in eukaryotes, the noncatalytic domain is poorly conserved. For example, mammalian HMGR has eight membrane-spanning segments [1] , while plant HMGR has two [2] . Mammalian HMGR is regulated at transcriptional and post-translational levels through sterol regulatory elements (SREs) that exist on the HMGR gene promoter, SRE-binding proteins (SREBPs) that regulate HMGR expression according to cellular sterol accumulation, and an insulin-induced gene (Insig) that is involved in HMGR ubiquitination and degradation [3] .
On the contrary, ortholog genes of SREBP and Insig do not exist in plant genomes. Plant HMGR expression is regulated by both developmental and environmental stimuli, but the molecular mechanisms of plant HMGR transcription are unknown. In Arabidopsis thaliana, HMGR is encoded by two genes producing three different isoforms (AtHMGR1L, AtHMGR1S, and AtHMGR2) that are differentially expressed in plant tissues [4, 5] , and it has been reported that HMG1S is necessary for plant growth and development [6, 7] . Although very high mRNA levels were obtained by overexpression of the HMG1 gene in A. thaliana, only a modest increase in HMGR activity was detected [8] . Arabidopsis HMGR activity is regulated in response to alterations of sphingolipid and sterol biosynthetic pathways, without affecting the transcription and protein levels of HMGR [9] . Inconsistencies between HMGR mRNA expression, HMGR protein accumulation, and HMGR enzyme activity have also been reported [10] . There should be posttranscriptional and post-translational regulatory mechanisms of plant HMGR.
In mammals, AMP-activated protein kinase (AMPK) phosphorylates the serine residue that is located at the catalytic domain of mammalian HMGR and reversibly decreases HMGR activity [11] . The activity of AMPK is stimulated by the AMP:ATP ratio, in response to cellular energy status, through phosphorylation at the activation loop by AMPK kinase (AMPKK) [12] . In budding yeast, sucrose nonfermenting-1 (SNF1) is the AMPK homolog. But budding yeast HMGR lacks the serine residue that is the target of AMPK [11] . SNF1-related protein kinases are also widely distributed in the plant kingdom [13] . Although rye (RKIN), tobacco (NPK5), Arabidopsis (AKIN10 and AKIN11), and potato (StubSNF1) have been demonstrated to complement the yeast snf1D mutant [14] [15] [16] [17] , HMGR kinase activity of these SNF1 homologs was not reported. On the contrary, HMGR kinase-A (HRK-A) purified from Brassica oleracea (cauliflower) phosphorylates and inactivates AtHMGR1cd at Ser577 [18] and cross-reacts with anti-RKIN1, anti-BKIN12, and anti-RKIN1 peptide antisera [19] . Barley HMGR kinase, which phosphorylated both SAMS peptide and AtHMGR1, cross-reacts with anti-RKIN1 antisera, strongly suggesting that it is a member of the SNF1-related kinase family [20] . Kinases that phosphorylated AtHMGR1 at Ser577 were also isolated from spinach. These kinases crossreact with anti-RKIN1 antisera [21, 22] .
In spite of much biochemical and immunological evidence, it has not been demonstrated that the translational products of plant SnRK1s phosphorylate and inactivate plant HMGR. HRK-A and HRK-C from spinach are inactivated by protein phosphatase 2A (PP2A) and PP2C, and are reactivated by mammalian AMPKK [22] , suggesting that these kinases are regulated by reversible phosphorylation. It has been reported that the geminivirus Rep-interacting kinases (GRIK1 and GRIK2) are upregulated during geminivirus infection in A. thaliana [23] , and these kinases are able to activate both AKIN10 and AKIN11 paralogs through phosphorylation in vitro [24] . In this study, recombinant AKIN10 expressed in Escherichia coli phosphorylated and inactivated AtHMGR1S using recombinant GRIK1 as the AKIN10 activator. This study is direct evidence that SnRK1 phosphorylates and inactivates plant HMGR. Analysis of the phosphorylated HMGR demonstrated that AKIN10 phosphorylated not only the conserved Ser577 but also other site(s) of AtHMGR1S, suggesting the presence of a novel regulatory mechanism of plant HMGR.
Materials and methods

Plasmid construction
The coding sequences (CDSs) of AKIN10 (AT3G01090), GRIK1 (AT3G45240), and AtHMGR1S (AT1G76490) were amplified from A. thaliana col-0 cDNA by PCR. The resulting PCR products were cloned into the pENTR TM / D-TOPO entry clone (Invitrogen, Carlsbard, CA, USA). The truncated AtHMGR1, which encodes the catalytic domain (AtHMGR1cd, amino acid residue 166-592), was amplified from the AtHMGR1S entry clone and cloned into pENTR TM /D-TOPO. The CDS of HbHMGR1 (X54659) [25] was cloned into pENTR TM /D-TOPO. The truncated HbHMGR1, which encodes the catalytic domain (amino acid 155-575), was also cloned into pENTR TM /D-TOPO. The resultant entry clones of GRIK1, AtHMGR1S, AtHMGR1cd, and HbHMGR1cd were integrated into the E. coli expression vector pET160-DEST, and the AKIN10 into pDEST TM 17 by LR clonase using GATEWAY technology (Invitrogen). The AtHMGR1S-S577A and AtHMGR1cd-S577A expression vectors were mutagenized using mutagenesis primers. All primers used in this study are listed in Table S1 .
Protein expression
The resultant expression vectors were transformed into One Shot BL21 Star DE3 cells (Invitrogen) and proteins were expressed after induction by 0.5 mM isopropyl b-D-1-thiogalactopyranoside for 6 h at 20°C. Cells were harvested and the pellets were dissolved in a lysis buffer (50 mM Tris-HCl: pH 8.0, 500 mM NaCl, 5 mM MgCl 2 , 0.5% TritonX-100, 15% glycerol, 1 mM imidazole) supplemented by 10 mM DTT, 10 lM leupeptin, 100 lM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, and 1 mgÁmL À1 lysozyme.
Cells were then lysed by sonication, followed by centrifugation at 12 000 g for 15 min. The clear lysate was incubated at 4°C (gentle rotation) with Ni-NTA agarose (Qiagen, Hilden, Germany) that was equilibrated using a wash buffer (50 mM Tris-HCl: pH 8.0, 500 mM NaCl, 5 mM MgCl 2 , 0.1% TritonX-100, 15% glycerol, 20 mM imidazole). Agarose beads were loaded onto Micro Bio-Spin columns (Bio-rad, Hercules, CA, USA) and washed three times using 700 lL of a wash buffer and eluted with an elution buffer (50 mM Tris-HCl: pH 8.0, 5 mM MgCl 2 , 0.1% Triton X-100, 15% glycerol, 400 mM imidazole). Proteins were then dialyzed using a dialysis buffer (25 mM Tris-HCl: pH 7.5, 5 mM MgCl 2 , 30% glycerol, 10 mM DTT, and 1x cOmplete EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland)) in Amicon ultra 3 kDa MWCO (Millipore, Darmstadt, Germany). Proteins were subjected to SDS/PAGE and the protein bands corresponding to each protein were quantified in Gel-Doc (Bio-Rad) using bovine serum albumin as a standard.
In vitro enzyme assay
The in vitro kinase assay was performed using 1 pmol HMGR1, 0.5 pmol GRIK1, and 0.5 pmol AKIN10, in a kinase buffer [25 mM Tris-HCl: pH 7.5, 5 mM MgCl 2 , 0.1% Triton X-100, 10 mM DTT, and 1x cOmplete EDTA-free protease inhibitor cocktail (Roche)] supplemented with 1 mM ATP. After 20 min of incubation at 30°C, the same volume of either Lambda protein phosphatase (600 units, NEB) or kinase buffer supplemented with 1 mM MnCl 2 was added into the reaction mixture (final 20 lL) and followed by additional incubation for 20 min. HMGR activity was assayed as described previously [26] , with a slight modification. The reaction was started by the addition of 1.25 lL of [ the addition of 125 lL of saturated potassium phosphate (pH 6.0) and 300 lL of ethyl acetate. The mixture was then homogenized and centrifuged at 10 000 g for 5 min; radioactivity of the upper organic phase was determined by a scintillation counter. To detect the phosphorylated proteins, the kinase reaction was stopped by adding Laemmli's sample buffer, followed by boiling at 95°C for 2 min. SDS/PAGE (10 mAh for about 2-4 h) was used to separate protein samples (2 lL) in 8% polyacrylamide gel containing 30 lM Mn 2+ Phos-Tag (Wako, Osaka, Japan). Gels were treated according to Phos-tag manufacturer's recommendations and blotted onto polyvinylidene difluoride membranes (Milipore) using a semidry blotting apparatus (ATTO, Tokyo, Japan). After blocking with TBS-T buffer containing 5% skim milk, the membrane was incubated in anti-AtHMG1cd antibody (1:50 000 dilution) for 3 h at room temperature [10] . Detection was performed with the chemiluminescent system (Immobilon Western; Milipore) using anti-rabbit IgG HRP conjugate (1: 2500 dilution; W401B, Promega, Madison, WI, USA). Digital images were taken using a NightOwl LB981 (Berthold Technologies, Bad Wildbad, Germany).
Results
Reduction in AtHMGR1 activity by AKIN10-GRIK1
To elucidate whether plant SnRK1s act as HMGR kinases in vitro, we selected AKIN10 as a representative SnRK1 in Arabidopsis, and examined the effect on HMGR activity and phosphorylation levels of AtHMGR1S using recombinant AKIN10 expressed in E. coli. We first examined whether AKIN10 was able to affect AtHMGR1S activity using in vitro kinase assays. However, we could not detect the effect of AtHMGR1S on HMGR activity after in vitro kinase assay (Fig. S1 ). This phenomenon may explain that AKIN10 produced in E. coli has very low activity, different from the HMGR kinases purified from plants, which might have been highly activated by some mechanisms. The existence of plant SnRK1 activating kinases was proposed [22] . It has been reported that AKIN10 is phosphorylated and activated by GRIK proteins [24] . Then, we examined whether the incubation of AKIN10 with GRIK1 was able to affect AtHMGR1S activity. HMGR activity of AtHMGR1S was reduced to 6.5% by the combination of AKIN10 and GRIK1 relative to the nontreated AtHMGR1S (Fig. 1 ). GRIK1 incubation with AtHMGR1S did not affect HMGR activity without AKIN10 (Fig. S1 ).
AtHMGR1 inactivation by AKIN10-GRIK1 depends on the serine 577
We then examined whether the conserved Ser577 residue is the target of AKIN10-GRIK1 for the negative regulation on HMGR activity of AtHMGR1S. We constructed AtHMGR1S-S577A protein in which the serine residue at position 577 was substituted by an alanine residue to avoid phosphorylation at this site. In contrast to AtHMGR1S, the AKIN10-GRIK1 combination failed to reduce the activity of AtHMGR1S-S577A (Fig. 1) . These results indicate that inhibition of AtHMGR1S activity by AKIN10-GRIK1 is dependent on the presence of the serine residue at this position.
AKIN10 phosphorylated Ser577 and the noncatalytic domain of AtHMGR1
To obtain evidence that AtHMGR1S inactivation by AKIN10 was due to phosphorylation at Ser577, we examined the phosphorylation level of AtHMGR1S after the in vitro kinase assay using Phos-tag SDS/ PAGE analysis, followed by western blotting with anti-AtHMG1 catalytic domain antibody. In agreement with the HMGR activity assay, the phosphorylation level of AtHMGR1S or AtHMGR1S-S577A was undetected by the treatment with either AKIN10 or GRIK1 alone ( Fig. 2A: lanes 3 and 8; lanes 4 and 9) . The combination of AKIN10 and GRIK1 phosphorylated AtHMGR1S, which was indicated by the mobility shift of AtHMGR1S bands in Phos-tag SDS/ PAGE immunoblots ( Fig. 2A: lane 2) . The shifted bands disappeared by the addition of lambda phosphatase to the reaction mixture, suggesting that bands with reduced electrophoretic mobility were derived from the phosphorylation of AtHMGR1S ( Fig. 2A:  lane 5) . Surprisingly, the shifted bands were also observed in AtHMGR1S-S577A incubated with AKIN10 and GRIK1 ( Fig. 2A: lane 7) . These results suggested that the combination of AKIN10 and GRIK1 phosphorylated AtHMGR1S-S577A at some sites other than Ser577 without inactivating HMGR.
To narrow down the location of other AtHMGR1S phosphorylation sites, we constructed the truncated AtHMGR1 catalytic domain (AtHMGR1cd), containing the amino acid residues 166-592, which is catalytically active [18] . We then examined HMGR activity of AtHMGR1cd incubated with AKIN10 and/or GRIK1. As was with the case of full-length AtHMGR1S, neither AKIN10 alone nor GRIK1 alone reduced the activity of AtHMGR1cd, while the AKIN10-GRIK1 combination reduced the activity of AtHMGR1cd to 4.6% compared to the nontreated AtHMGR1cd, but not AtHMGR1cd-S577A (Fig. S2A) . Analysis by Phos-tag SDS/PAGE showed that the electrophoretic mobility of AtHMGR1cd treated with AKIN10-GRIK1 was reduced compared to the nontreated AtHMGR1cd (Fig. 2B: lanes 2 and 1) . In contrast to the full-length AtHMGR1S-S577A, the electrophoretic mobility of AtHMGR1cd-S577A band treated with AKIN10-GRIK1 was similar to the nontreated AtHMGR1cd-S577A (Fig. 2B: lanes 7 and 6) .
Inhibition of HbHMGR1cd by AKIN10-GRIK1-dependent regulatory mechanism
To investigate whether the regulatory mechanism observed in AtHMGR1S is most probably common to all higher plants, we examined the HMGR assay of E. coli-expressed Hevea HMGR treated with AKIN10-GRIK1. As with AtHMGR1S and AtHMGR1cd, the activity of HbHMGR1cd was also reduced with AKIN10-GRIK1 to 12.7% relative to the nontreated enzyme (Fig. S2B) .
Discussion
This study is the first biochemical evidence that strongly suggests that AKIN10, one of the SnRK1 proteins in Arabidopsis, phosphorylates AtHMGR1S. First, through the activation by GRIK1, AKIN10 phosphorylates AtHMGR1S at Ser577 and inactivates HMGR. Second, AKIN10 phosphorylates AtHMGR1S on a site (or sites) other than Ser577. Third, HMGR phosphorylation at Ser577 is universal across the plant species. Our results confirm the idea of post-translational regulation of Arabidopsis HMGR activity by the plant SnRK1-GRIK1 kinase cascade system. HMG-CoA reductase kinases have been isolated from cauliflower, barley, and spinach tissues. Substrate specificity and cross-reactivity with anti-SnRK1 antibodies suggested that HMGR kinases may be SnRK1 [18] [19] [20] [21] [22] . Although several SnRK1s identified from plant genomes, such as RKIN1, NPK5, AKIN10, AKIN11, and StubSNF1, have been demonstrated to complement the yeast snf1D mutant [14] [15] [16] [17] , the HMGR kinase activity of these kinases has not been demonstrated. AMPK/SNF1/SnRK1 requires the upstream activating protein kinase for its activity. In Arabidopsis, GRIK1 and GRIK2 have been reported to phosphorylate AKIN10 [24] . Neither AKIN10 nor GRIK1 phosphorylated AtHMGR1 by itself; however, coincubation of AtHMGR1S with AKIN10 and GRIK1 resulted in phosphorylation and inactivation of AtHMGR1S. On the contrary, the AKIN10-GRIK1 system did not inactivate AtHMGR1S-S577A, indicating that phosphorylation at Ser577 is important for HMGR regulation. Our data do not deny the possibility that GRIK1 was activated by AKIN10 and then it phosphorylated and inactivated HMGR. However, it is unlikely that GRIK1 activated by AKIN10 phosphorylated and inactivated HMGR1 because (a) GRIK1 has been reported to activate AKIN10 [24] and (b) no AMPK consensus motif [27] exists in the GRIK1 amino acid sequence. We would verify our hypothesis by HMGR phosphorylation assay using AKIN10 mutated in T-loop Thr in the near future.
The finding that AtHMGR1 phosphorylation by AKIN10 depends on the presence of GRIK1 may provide clues to understand the signaling process mediated by protein kinases in plants. GRIK1 is mainly accumulated in young tissues but not in mature tissues of healthy plants. However, the protein level is increased during geminivirus infection [23] . Plant SnRK1s have been proposed to have important roles in plant defense mechanisms [28] [29] [30] . The inactivation of AtHMGR1 through phosphorylation by AKIN10 and GRIK1 might also be involved in the modulation of plant defense mechanisms. The results of this study may offer clues about the presence of a stress-related signaling cascade in HMGR posttranslational regulation.
Phos-tag mobility shift analysis of AtHMGR1S demonstrated several shifted bands and the analysis of AtHMGR1S-S577A also demonstrated the presence of shifted bands, suggesting that AKIN10 phosphorylated not only Ser577 but also another/other sites of AtHMGR1S isoform. We narrowed down the location of the other phosphorylation site(s) to the noncatalytic domain of AtHMGR1S by analyzing an in vitro kinase assay of the AtHMGR1cd-S577A isoform. It should be noted that in our results, we could not count the number of other phosphorylated residue(s) on the noncatalytic domain ( Fig. 2A: lane 7) ; however, phosphorylation on this residue(s) did not inactivate the HMGR enzyme, but slightly increased AtHMGR1S-S577A activity in vitro (Fig. 1) . Even if phosphorylation at the noncatalytic domain of AtHMGR1S directly increased HMGR activity in planta, simultaneous phosphorylation at Ser577 abolished this effect (Fig. 1) . We could not exclude the possibility that phosphorylation other than Ser577 is an artifact, because all our experiments in this study were performed in vitro. But multilevel regulation of HMGR has been suggested by showing the interaction of HMGR with PP2A around the N-terminus of HMGR and negatively regulating HMGR activity in Arabidopsis, suggesting that the HMGR dephosphorylation occurs at a site other than Ser577 [31] . Elucidation of the novel phosphorylation site(s) may be important for understanding the regulatory mechanism of plant HMGR.
From our observation, it is clear that AtHMGR1S phosphorylation at Ser577 by the AKIN10-GRIK1 system directly inactivated HMGR. This serine residue corresponds to the same phosphorylation site in mammals [32] and is conserved in HMGR isoforms across the plant kingdom [18] . To gain insight into HMGR regulation across plant species, we examined the equivalent in vitro kinase assay toward HbHMGR1cd activity. The latex of Hevea brasiliensis contains functional HMGR [33] and Hevea hmg1 is mainly expressed in the latex-producing cells, suggesting that Hevea hmg1 may be specific to HMGR for secondary metabolite biosynthesis, like rubber, unlike AtHMGR1 that acts as a house-keeping HMGR in Arabidopsis [34] . It has been confirmed that the HbHMGR1 was functionally expressed in tobacco [35] . Our results show that the AKIN10-GRIK1 combination also inhibited the HMGR activity of E. coli-expressed HbHMGR1 cd, demonstrating that phosphorylation at Ser577 is important for the regulation of HMGR for both house-keeping and secondary metabolite biosynthesis. Arabidopsis thaliana is classified within the Brassicales plant order, while H. brasiliensis belongs to the Malpighiales plant order. To our knowledge, this is the first report clearly showing that the activities of both AtHMGR1 and HbHMGR1 orthologs were inhibited by AKIN10-GRIK1, suggesting the common regulatory mechanism of HMGR isoforms in all higher plants. Although the AKIN10-GRIK1 system, as an HMGR regulator in plants, shares a similar function with their homologs in mammalian energy sensors, the AMPK-AMPKK system, both systems are differently regulated [36] . Mammalian AMPK is activated by AMP, while plant SnRK1 is not regulated by AMP. The AMPK-AMPKK system functions to switch off anabolic processes and switch on catabolic pathways to avoid energy depletion in mammals. It is important to know what kind of environmental stimuli activate SnRK1 and inactivate HMGR in plants. The expression pattern of GRIK1 does not correspond with AKIN10, suggesting that some regulators other than GRIK1 may exist. Identification of the regulatory factors of SnRK1 might provide clues for understanding the regulatory mechanisms of the mevalonate pathway. Taken together, our observation that AKIN10 phosphorylated the noncatalytic and catalytic domains of AtHMGR1S in vitro may shed some light on HMGR regulation in plants, and these findings are useful to increase plant isoprenoid production through biotechnology applications.
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